This paper presents 3DCoffee@igs, a web-based tool dedicated to the computation of high-quality multiple sequence alignments (MSAs). 3D-Coffee makes it possible to mix protein sequences and structures in order to increase the accuracy of the alignments. Structures can be either provided as PDB identifiers or directly uploaded into the server. Given a set of sequences and structures, pairs of structures are aligned with SAP while sequence-structure pairs are aligned with Fugue. The resulting collection of pairwise alignments is then combined into an MSA with the T-Coffee algorithm. The server and its documentation are available from http://igs-server.cnrsmrs.fr/Tcoffee/.
INTRODUCTION
The assembly of an accurate multiple sequence alignment (MSA) is a key step in many sequence analysis procedures. One could cite in bulk: the identification of a protein signature such as a Prosite pattern (1) , the building of a domain profile (or HMM) needed for identifying the most remote members of a protein family (2) , structure prediction and homology modeling (3) and phylogenetic analysis (4) . More recently, MSAs have also proven useful to characterize nsSNPs (non-synonymous Single Nucleotide Polymorphisms) (5, 6) .
The success of such applications depends very much on the MSA quality, hence the importance of accuracy when computing an alignment. In practice, structurally correct alignments are considered to be a good starting point for most MSA applications (with maybe the exception of phylogenetic reconstruction), and established collections of reference structural alignments are widely used to benchmark and train existing MSA packages (7, 8) . However, when state-of-the-art packages are applied to sets of distantly related sequences, they deliver alignments that are only partly correct from a structural point of view (8) , thus suggesting that sequencebased alignment procedures can still be greatly improved. In the current situation, the best way to produce a high-quality MSA remains the assembly of a multiple structural alignment. Unfortunately, few examples exist where enough related structures are available to carry out such a task.
An elegant alternative to the use of many structures is to mix sequences and structures, in the hope that the 3D information contained within the structures will help deliver a better alignment of the other sequences. Such a mix also constitutes a realistic solution, considering the increasing proportion of sequences without a known structure and the decreasing proportion of protein families not associated with at least one structure. However, the problem of combining sequences and structures has not yet been extensively addressed, and only a handful of methods are available that allow the seamless combining of sequences and structures (9) while appropriately using 3D information.
Here we present 3DCoffee@igs, a web server especially designed to combine sequences and structures by seamlessly integrating in T-Coffee (10) the three types of alignment methods needed for this purpose: sequence-sequence, sequence-structure and structure-structure alignment methods. When using one or more structures, the alignments thus produced are more accurate than similar alignments based on sequence information alone, as judged by the comparison with reference structure-based alignments (O.O'Sullivan, K.Suhre, D.Higgins and C.Notredame, submitted for publication). The inclusion of a threading method (sequencestructure alignment) makes it possible to use as little as one structure.
METHODS

Standard T-Coffee sequence alignment assembly
We use T-Coffee to mix sequences and structures. Given a set of sequences, the regular T-Coffee procedure involves the computation of a collection of pairwise alignments where for each possible pair of sequences in the dataset, the program computes the best global alignment and the 10 best local alignments [using the Sim algorithm from the Lalign package (11) ]. This collection of pairwise alignments is named a library. The second step of the procedure involves the assembly of an MSA with a high level of consistency with the alignments contained in the library. Since T-Coffee uses a heuristic, the optimality of this process is not guaranteed, although the results are generally satisfactory as judged by comparison with alternative optimization methods (12) . The assembly procedure is very similar to that described for ClustalW (13) ; extensive details are available in the original publication (10).
3D-Coffee protocol
The 3D-Coffee protocol takes advantage of the methodindependent manner in which T-Coffee uses its libraries.
Rather than filling the library with sequence-based pairwise alignments, 3D-Coffee compiles it using three types of pairwise methods: sequence-sequence, structure-structure and structure-sequence (threading) alignment procedures. From among the vast variety of structure comparison algorithms, we selected SAP (14) for the structure-structure alignments and Fugue (15) for the structure-sequence comparisons. A full validation of these choices is detailed in O. O'Sullivan, K. Suhre, D. Higgins and C. Notredame, submitted for publication. Our main criterion was the relatively high accuracy of these two methods and their ease of integration within the T-Coffee framework. It is nonetheless worth pointing out that any method with similar characteristics (i.e. able to deliver a sequence alignment) could easily be added to the procedure we describe here.
In practice, given a sequence dataset, the program starts by identifying the sequences associated with a structure and those that are not. It then considers all the possible pairs and applies the appropriate methods to these pairs. For instance, given a pair of structures, the program will successively make a global pairwise alignment, a local pairwise sequence alignment and a structure-based sequence alignment with SAP. If only one of the two sequences has a known structure, Fugue will be used instead of SAP.
The resulting pairwise alignments are compiled into a list of weighted pairs of aligned residues found in the individual alignments. Each pair receives a weight equal to the average level of identity within the pairwise alignment where it occurred. When two or more alignments contribute the same pair, their respective weights are added to yield the final weight. The collection of weighted residue-pairs constitutes the T-Coffee library.
T-Coffee uses the library to assemble a standard progressive alignment in a ClustalW-like manner. The program starts by computing the distance matrix of the sequences and uses it to estimate a guide tree. The guide tree controls the order in which the sequences are included one by one into the MSA. Each sequence is incorporated using the library in place of a substitution matrix. A recent modification of the T-Coffee algorithm (to be described elsewhere) has made it possible to significantly reduce the time complexity of the algorithm, down to O(N 2 L 2 ) from the previously reported
, N being the number of sequences and L their average length. However, in 3D-Coffee, SAP is the limiting factor, with a time complexity in the order of O(L 3 ).
USING THE TCOFFEE@IGS SERVER
3D-Coffee is a new service that is available through the previously presented Tcoffee@igs server (17) . It is maintained by IGS (Information Génomique et Structurale) and runs on a dedicated Alpha ES45 quadriprocessor server. It supports the analysis of a maximum number of 100 sequences with a maximum of 2000 residues each. The 3D-Coffee service is provided in two versions, a regular and an advanced version. The regular version requires limited input from the user while the advanced version offers more possibilities such as uploading personal PDB structures and controlling the methods used to compute the library.
Tcoffee@igs server
The homepage of the server (http://igs-server.cnrs-mrs.fr/ Tcoffee/) contains pointers to the four types of computation performed:
(i) The Make a Multiple Alignment section opens to the standard computation of a T-Coffee MSA, using the default parameters of the program, as described in (10). (ii) The Evaluate a Multiple Alignment section provides an alignment evaluation using the CORE method as described in (17). (iii) The Combine Multiple Alignments section makes it possible to combine several alignments into one. The advanced section of each server offers extra control on the library computation (choice of the methods) as well as a larger number of output options. These servers have all been previously described in (16) . (iv) The last section, Align Structures (3D-Coffee), is new and described in the next paragraph.
Align structures and sequences with 3DCoffee::regular
The 3DCoffee::regular server inputs a set of sequences in FASTA format. Among the sequences, those with a 3D structure must be named according to their PDB identifier. If the PDB file contains several chains, the chain index (letter or number) must be added to the name (1pptA). If the sequence provided in the FASTA file is a subsequence of the indicated chain, T-Coffee aligns the provided sequence with its full PDB counterpart and makes sure that only the appropriate 3D information is used for alignment computation. This comparison also handles slight sequence discrepancies between the PDB and the user-provided sequence. In the regular mode of 3D-Coffee, the handling of the structures is entirely under T-Coffee control, which uses the FASTA information to gather the structures and chop them to the relevant portion. For users familiar with the stand-alone version of T-Coffee, we give the corresponding command line:
t_coffee-in seq:fasta Msap_pair Mfugue_pair Mslow_pair Mlalign_id_pair sap_pair, fugue_pair, slow_pair and lalign_id_pair are pairwise methods used to compute the T-Coffee library. Once the computation is over, the server returns a page of links to the produced result files. An ESPript (18) post-processing step makes it possible to visualize the secondary structure elements within the used structures ( Figure 1 ). The returned alignment is a sequence alignment, albeit generally improved by the use of structural information. Systematic benchmarking, carried out on a subset of HOMSTRAD (O. O'Sullivan, K. Suhre, D. Higgins and C. Notredame, submitted for publication), indicates that the accuracy of mixed sequences/structure alignments increases proportionally to the amount of structural information provided.
The 3DCoffee::advanced server The advanced server makes it possible to upload user-defined PDB structures (up to three). The sequences of the uploaded structures should not be included within the FASTA sequences. The limitation to three private structures is arbitrary and will be increased upon request. In case the file contains more than one chain, the program extracts only the first one. It is the user's responsibility to provide the correct chain.
The advanced server also makes it possible to control the computation of the T-Coffee library by selecting the methods one wishes to include. For instance, if all the sequences have a known 3D structure, it is advisable to use only sap_pair, the structure-structure alignment method, to generate a structurebased MSAs.
CONCLUSION
In this paper, we present 3D-Coffee, a major extension of the Tcoffee@igs server. This new feature of the server makes it possible to combine sequences and structures within an MSA, thus producing high-quality MSAs.
The method we present here is versatile and easy to use. It affords the possibility of seamlessly combining structure and Figure 1 . Typical output of a standard 3D-Coffee computation. Five structures have been aligned with a sequence (Q53396). The display is the ESPript (18) output produced by the Tcoffee@igs server. The CORE index is displayed on the alignment and indicates the relative reliability of the various sections (color code: blue, unreliable; green, low reliability; red, highly reliable portion of the alignment). DSSP (19) is used to determine the secondary structures from the PDB coordinates. Blue, green and yellow portions are mostly incorrectly aligned, as judged by comparison with HOMSTRAD reference alignment (9) . sequence information, private and public data, without the need to install additional programs such as SAP and Fugue locally. It certainly constitutes an adequate means to efficiently use available structural data. Future plans will involve the addition of new modules, rendering easier the mapping of structural information on to sequence data.
We strongly encourage users to send us their feedback.
